We have investigated the structural and electronic properties of the B 17 − and B 18 − clusters using photoelectron spectroscopy (PES) − cluster can be considered as an all-boron analogue of naphthalene, whereas the π -bonding in the quasi-planar B 18
I. INTRODUCTION
Because of its electron deficiency, boron forms interesting crystal structures dominated by cage-like structural units. 1, 2 In recent years, small clusters of boron have received significant attention. Earlier computational studies suggested that cage-like boron clusters are not stable, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] rather planar or quasi-planar structures are more favored. Over the past 10 years, we have engaged in an extensive joint photoelectron spectroscopy (PES) and theoretical effort to characterize the structures and bonding of small boron clusters. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] We have shown that small boron cluster anions are indeed planar or quasi-planar. More importantly, we have found that two-dimensional (2D) electron delocalization plays an important role in stabilizing the planar structures and developed the concept of all-boron analogues of aromatic hydrocarbons. 24, 25, 27, 29 It has been shown that the concepts of aromaticity and antiaromaticity can be used to rationalize the chemical bonding, structure, reactivity, and stability of the planar and quasi-planar boron clusters. Our initial research has been focused on B n − and B n for n = 3-16 and n = 20. [21] [22] [23] [24] [25] [26] [27] [28] All anions in this size range have been found to be planar or quasi-planar, although the global minimum of neutral B 20 was found to be a three-dimensional (3D) tubular structure consisting of two B 10 rings. 28 The transition from 2D to 3D structures was concluded to occur at B 20 for neutral boron clusters. In a recent study combining density functional theory (DFT) calculations and ion mobility, Oger et al. have found that the transition from 2D to 3D structures of boron cluster cations occur at B 16 + . 39 The size range from B 17 − to B 19 − has been challenging because of the relative complexity of their PES spectra. In a very recent study, 29 we solved B 19 − a) Electronic mail: a.i.boldyrev@usu.edu. b) Electronic mail: Lai-Sheng_Wang@brown.edu.
finally and found that it possesses an unprecedented planar structure with concentric double π -aromaticity, analogous to coronene in its π -bonding pattern.
In the current article, we report an investigation of the structures and chemical bonding of the B 17 − and B 18 − clusters using PES and ab initio calculations. The combined experimental and computational effort shows that a planar C 2v ( 1 A 1 ) global minimum structure is overwhelmingly favored for B 17 − , whereas two nearly isoenergetic quasi-planar structures of C 3v ( 2 A 1 ) and C s ( 2 A ) symmetries are present for B 18 − . The two low-lying structures of B 18 − are found to be related to the two low-lying structures of B 19 − . 29 The corresponding 3D ring-type structures are found to be significantly higher in energy, by 47.5 and 34.0 kcal/mol for B 17 − and B 18 − , respectively, above the global minimum planar or quasi-planar structures. The stability and planarity/quasiplanarity of B 17 − and B 18 − are shown again to be due to σ -and π -aromaticity. Chemical bonding analyses revealed that the nature of bonding in B 17 − and B 18 − is very similar to that in B 16 2− and B 19 − , respectively. 27, 29 The B 17 − cluster can be viewed as an all-boron analogue of the aromatic naphthalene hydrocarbon molecule as in B 16 2− , while the π -bonding in the B 18 − cluster is reminiscent of that of coronene as in B 19 − .
II. EXPERIMENTAL METHOD
The experiment was carried out using a magnetic-bottle PES apparatus equipped with a laser vaporization cluster source, details of which have been described previously. 48 Briefly, the elemental boron anion clusters were produced by laser vaporization of a 10 B-enriched (99.75%) disk target in the presence of a pure He carrier gas and analyzed using a time-of-flight mass spectrometer. The B 17 − and B 18 − clusters of current interest were each mass-selected and decelerated before being photodetached. Two photon energies were used in the photodetachment experiment: 266 nm (4.661 eV) and 193 nm (6.424 eV). Photoelectrons were collected at nearly 100% efficiency by the magnetic bottle and analyzed in a 3.5 m long electron flight tube. The PES spectra were calibrated using the known spectra of Rh − and Au − , and the energy resolution of the apparatus was E k /E k ∼2.5%, that is, ∼25 meV for 1 eV electrons.
III. THEORETICAL METHODS
We searched for the global minima of B 17 − and B 18 − using both the Coalescence Kick (CK) method [49] [50] [51] and the Basin Hopping (BH) method. [52] [53] [54] [55] Both were done initially at the B3LYP level of theory [56] [57] [58] using the 3-21G basis set. 59 In the CK method, 49 a random structure is first checked for connectivity: if all atoms in the structure belong to one fragment, then the structure is considered as connected and the normal geometry optimization procedure is applied to it. However, in most cases a randomly generated structure is fragmented, that is, the structure contains several fragments non-bonded with each other including cases with just one atom not being connected. In these cases the coalescence procedure is applied to the fragmented structure -all the fragments are pushed to the center of mass simultaneously. The magnitude of shift should be small enough so that atoms do not approach each other too closely, but large enough so that the procedure converges in a reasonable amount of time. In the current version of the CK program a 0.2 Å shift is used. The obtained structure is checked for connectivity again and the procedure repeats. When two fragments approach each other close enough they "coalesce" to form a new fragment, which will be pushed as a whole in the following steps. Obviously, at some point all fragments are coalesced. This method does not deal with cases when in a randomly generated structure two atoms are too close to each other. To avoid this problem, the initial structures are generated in a very large box with all three linear dimensions being 4* (sum of atomic covalent radii). Hence, usually an initially generated random structure consists of separated atoms as initial fragments. The current version of the program is designed for the global minimum searches of both single molecules of desired composition, and for complexes of molecules like solvated anions (e.g., SO 4 2− .4H 2 O), 60, 61 where the initial geometry of each molecular unit is specified in the input file. In the latter case the two molecular units of the complex are considered as connected in a fragment if the distances between two of their atoms are less than the sum of the corresponding van der Waals radii.
BH is an unbiased global minimum search method, in which the potential energy transformation is combined with Monte Carlo sampling. 29, [52] [53] [54] [55] All low-lying isomers found for B 17 − and B 18 − by both methods were reoptimized at the B3LYP level using the 6-311+G* basis set, [62] [63] [64] with additional single-point calculations at the CCSD(T) level [65] [66] [67] using the 6-311+G* basis set and the geometry optimized at the B3LYP/6-311+G* level.
The vertical electron detachment energies (VDEs) were calculated using the restricted outer valence Green's function method [ROVGF/6-311+G(2df)] for B 17 − and unrestricted outer valence Green's function method [UOVGF/6-311+G(2df)] (Refs. [68] [69] [70] [71] for B 18 − , as well as the time-dependent DFT method [TD-B3LYP/6-311+G(2df)] (Refs. 72 and 73) for both anions, all at the optimized B3LYP/6-311+G* geometries. In the latter approach, the first VDE of B 17 − was calculated at the B3LYP level as the lowest transition from the singlet state of the anion into the final lowest doublet state of the neutral. Then, the vertical excitation energies of the neutral species (at the TD-B3LYP level) were added to the first VDE to obtain the second and higher VDEs. The first two VDEs of B 18 − were calculated at the B3LYP/6-311+G(2df)//B3LYP/6-311+G* level as the lowest transitions from the doublet ground state of the B 18 − anion into the final lowest singlet and triplet states of the neutral species at the geometry optimized for the anion. Then the vertical excitation energies calculated at the TD-B3LYP level for the singlet and triplet states of the neutral B 18 species were added correspondingly to the two lowest VDEs to obtain the higher VDEs of the B 18 − anion. Core electrons were frozen in treating the electron correlation at the ROVGF, UOVGF, RCCSD(T), and UCCSD(T) levels of theory.
The B3LYP, RCCSD(T), UCCSD(T), ROVGF, UOVGF, and TD-B3LYP calculations were performed using the GAUSSIAN 03 program. 74 Molecular structure visualization was done using the MOLDEN 3.4 program. 75 Chemical bonding analyses were performed using the Adaptive Natural Density Partitioning (AdNDP) method [76] [77] [78] at the B3LYP/3-21G//B3LYP/6-311+G* level. It has been shown previously that the AdNDP results are not sensitive to the level of theory or basis set used. 76, 79 Molecular orbital (MO) visualization was performed using MOLEKEL 4.3.
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IV. EXPERIMENTAL RESULTS
The photoelectron spectra for B 17 − and B 18 − are shown in Figs Tables I and II  for the B 17 − and B 18 − clusters, respectively, where they are compared with theoretical calculations.
A. Photoelectron spectra of B 17
−
The 266 nm spectrum of B 17 − shows only one broad band (X, Fig. 1(a) ), centered at 4.48 eV. This band is likely to contain multiple detachment transitions. Since no vibrational structures are resolved in the threshold region, the ground state ADE is evaluated by drawing a straight line along the leading edge of band X and then adding the instrumental resolution to the intersection with the binding energy axis. Although this is an approximate procedure, we are able to obtain a consistent ADE from the well-defined spectral onsets of band X at different photon energies. The ADE thus evaluated for B 17 − is 4.23 ± 0.02 eV. The 193 nm spectrum ( Fig. 1(b) ) reveals three additional PES bands at higher binding energies. Band A centered at 4.82 eV partially overlaps with the congested band X. Following a large energy gap of 1 eV, band B is vibrationally resolved, whose 0 ← 0 and 1 ← 0 transitions define the ADE (5.72 eV) and VDE (5.79 eV), respectively, for this excited state transition. The vibrational frequency is measured to be 530 ± 40 cm −1 . Band C, centered at 6.22 eV, is relatively weak.
B. Photoelectron spectra of B 18
−
The 266 nm spectrum of B 18 − (Fig. 2(a) ) exhibits two bands: a relatively weak and broad band (X) at a VDE of 3.71 eV and a more intense band (A) at a VDE of 4.38 eV. The ADE for band X is evaluated from its onset to be 3.53 ± 0.05 eV. The width of the X band suggests a large geometry change between the ground state of the B 18 − anion and that of the corresponding neutral. Neutral B 18 has an even number of electrons and the X-A band gap suggests a closed-shell B 18 neutral cluster with an energy gap of ∼0.7 eV between its highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The 193 nm spectrum ( − are fairly broad, suggesting large geometry changes between the anion and the neutral cluster or there may be low-lying isomers contributing to the observed spectra.
V. THEORETICAL RESULTS
A. The global minimum and low-lying structures of B 17
−
We searched for the global minimum of B 17 − at the B3LYP/3-21G level of theory using the CK and the BH methods. Both programs identified the planar structure I (C 2v , 1 A 1 ) to be the global minimum of B 17 − , as shown in Fig. 3 . We then reoptimized the geometry and recalculated the frequencies of the lowest energy isomers at the B3LYP/6-311+G* level. The Cartesian coordinates of the optimized structure of isomer I, as well as its harmonic frequencies and B-B bond lengths, are given in supplementary Tables S1 and S2 . 81 The wave function of the global minimum was tested using the stable = opt option as implemented in GAUSSIAN 03 at B3LYP/6-311+G* and found to be stable. Finally, we performed single-point calculations for the two lowest energy isomers, as well as two 3D structures, at the CCSD(T)/6-311+G* level using the optimized B3LYP/6-311+G* geometries. Results of these calculations are given in Fig. 3 . The second lowest energy structure, the planar isomer II (C 2v , 1 A 1 ), was found to be 19.5 kcal/mol above the global minimum (here and elsewhere at the CCSD(T)/6-311+G*//B3LYP/6-311+G* level and with correction for zero-point energy at the B3LYP/6-311+G* level). The two 3D isomers, a tubular structure III (C s , 1 A ) and cage-like structure IV (C 2v , 1 A 1 ), were found to be local minima, but they lie much higher in energy by 47.5 and 69.9 kcal/mol, respectively. 
B. The global minimum and low-lying structures of B 18
−
The search for the global minimum of B 18 − using the CK and BH methods at the B3LYP/3-21G level of theory revealed two almost degenerate low-lying isomers, V (C 3v , 2 A 1 ) and VI (C s , 2 A ), as shown in Fig. 4 . Geometry reoptimizations and frequency recalculations of the low-lying isomers were performed at the B3LYP/6-311+G* level (see supplementary Tables S3-S6) , 81 and single-point calculations were carried out at the CCSD(T)/6-311+G* level of theory using the optimized B3LYP/6-311+G* geometries. At our highest level of theory (CCSD(T)/6-311+G*//B3LYP/6-311+G*), the two isomers V and VI are still close in energy (within 1.6 kcal/mol). The wave functions of the two lowest isomers − cluster (isomer I) and its representative higher energy isomers, which have planar (isomer II), tubular (isomer III), and cage-like (isomer IV) geometries. Geometry optimization was performed at the B3LYP/6-311+G* level of theory. Relative energies are given at the CCSD(T)/6-311+G*//B3LYP/6-311+G* level and B3LYP/6-311+G* level (in curly brackets), both corrected for zero-point vibrational energies calculated at the B3LYP/6-311+G* level. It should be noted that the solid rods do not necessarily represent a single B-B bond between boron atoms. The relatively short B-B distances (<2.0 Å) were connected to help with the visualization of the cluster structures.
V and VI were found to be stable at B3LYP/6-311+G* using the stable = opt option as implemented in GAUSSIAN 03. Alternative isomers VII-X were found to be appreciably higher in energy (by 8.5-34.0 kcal/mol).
The lowest energy structure of B 18 − is quasi-planar with a C 3v symmetry. The central B 3 unit is slightly out of plane (located ∼0.5 Å above the plane of the molecule), reminiscent of the bowl structure of B 12 , 25 which also has C 3v symmetry featuring a B 9 ring and an out-of-plane central B 3 unit. Isomer VI is only 1.6 kcal/mol higher in energy and also possesses a quasi-planar structure. It has a nice bowl shape, consisting of a B 12 outer ring, a slightly out-of-plane B 5 inner ring capped by a central apex atom.
VI. COMPARISON BETWEEN THE EXPERIMENTAL PHOTOELECTRON SPECTRA AND CALCULATED ELECTRON DETACHMENT ENERGIES
A. B 17
−
According to the computed energies (Fig. 3) , isomer I (C 2v , 1 A 1 ) of B 17 − is overwhelmingly favored and should be the only one considered for comparison with the experimental data. The calculated VDEs for isomer I at the TD-B3LYP/6-FIG. 4. The global minimum and representative higher energy isomers for the B 18 − cluster. Geometry optimization was performed at the B3LYP/6-311+G* level of theory. Relative energies are given at the CCSD(T)/6-311+G*//B3LYP/6-311+G* level and B3LYP/6-311+G* level (in curly brackets), both corrected for zero-point vibrational energies calculated at the B3LYP/6-311+G* level. Table I . The pole strengths are also given in the parentheses for the calculated VDEs at the OVGF level, providing indications for the validity of the single-particle description of the photodetachment processes. A pole strength exceeding 0.87 suggests the greatest validity for the one-electron detachment picture. Since the anion is a closed-shell system, electron detachment from each valence MO will generate a single final doublet electronic state within the one-electron picture. The calculated VDEs for the first three transitions into the 2 B 1 , 2 A 2 , and 2 B 2 final states are very close to each other, averaging at 4.28 and 4.40 eV at the B3LYP and OVGF levels, respectively. These calculated spectral patterns are in excellent agreement with the experimental spectra. The three transitions overlap with each other, resulting in the broad feature X centered at 4.48 eV (Table I and Fig. 1 ). It should be noted that there are very subtle and minor changes in geometry upon ejection of an electron from the C 2v structure of the B 17 − anion to the lowest doublet state of the corresponding neutral species (see pages 9 and 10 in the supplementary material for the supporting data). Table S2) . 81 This mode was found to have about the same frequency in the lowest 2 B 1 state of the neutral B 17 cluster: 531 cm −1 . We could not optimize the neutral B 17 cluster in the second excited spectroscopic state of 2 B 2 symmetry, but we think that the ω 12 (a 1 ) vibrational mode will be approximately the same in this state. The calculated ω 12 (a 1 ) frequency corresponds to a totally symmetric "breathing" normal mode. Finally, the sixth transition into the 2 B 1 final state (VDE at TD-B3LYP: 6.06 eV; VDE at OVGF: 6.05 eV with the pole strength of 0.84) is responsible for the experimental feature C at 6.22 eV. The next detachment channel occurs at 6.53 eV according to TD-B3LYP and 6.87 eV according to OVGF calculations (with the pole strength of 0.86), which is beyond the 193 nm photon energy. The overall calculated spectral patterns at both TD-B3LYP and OVGF are in qualitative agreement with the experimental PES spectra, lending considerable credence to the global minimum of B 17 − identified from the theoretical calculations.
B. B 18
−
The global minimum searches for B 18 − revealed two nearly degenerate isomers, V (C 3v , 2 A 1 ) and VI (C s , 2 A ) (Fig. 4) . Within the accuracy of the theory, it is difficult to decide which one is the true global minimum. Thus, both isomers might be present in our cluster beam and contribute to the experimental PES spectra shown in Fig. 2 . As will be seen below, we have strong evidence that, in addition to isomer V, isomer VI was also present experimentally. The calculated VDEs for isomers V and VI at the TD-B3LYP/6-311+G(2df) and ROVGF/6-311+G(2df) levels of theory are compared with the experimental data in Table II.
Isomer V
The first detachment channel from isomer V is from the singly occupied 8a 1 orbital into the closed shell singlet 1 A 1 final state of neutral B 18 . The calculated VDE for this channel is 3.66 eV at TD-B3LYP and 3.52 eV at OVGF (with the pole strength of 0.89); both are in reasonable agreement with the first observed PES band (VDE = 3.71 eV) ( Table II) . The relatively low intensity of the experimental feature X (Fig. 2) is consistent with the transition into the final singlet state. The second calculated VDE of isomer V (VDE at TD-B3LYP: 4.15 eV; VDE at OVGF: 4.26 eV with the pole strength of 0.89) corresponds to a final triplet state ( 3 E) with electron detachment from the 9e orbital (HOMO-1) (Table II) , which is in good agreement with the experimental VDE of band A of 4.38 eV. The relatively high intensity of feature A is also consistent with the electron detachment from the doubly degenerate HOMO-1 into a final triplet state. The X-A bands define a HOMO-LUMO gap of ∼0.7 eV for neutral B 18 , which is qualitatively borne out from the calculated VDEs. Using OVGF, we cannot calculate the VDEs for the singlet excited states, which are expected to yield detachment features with weaker intensities, as shown by the first detachment channel. Thus, in the following discussion we will focus mainly on transitions to the final triplet states, which should dominate the PES spectra. The broad spectral width and congested nature of all the observed features beyond 4 eV is partly due to the fact that both triplet and singlet final states can be produced from detachment from fully occupied orbitals of B 18 − (all orbitals below the singly occupied HOMO).
The next transition into a final triplet state ( 3 A 1 ) comes from detachment from the 7a 1 orbital (HOMO-2) with a calculated VDE of 4.75 at TD-B3LYP and 4.61 eV at OVGF with the pole strength of 0.89, in good agreement with the observed VDE for band B (4.65 eV) ( Table II) . The corresponding singlet final state yields a calculated VDE of 4.98 eV at TD-B3LYP, which should contribute to band C. The next two detachment channels come from the 2a 2 and 8e orbitals, giving VDEs very close to each other (5.47 and 5.44 eV at TD-B3LYP; 5.47 and 5.74 eV at OVGF), in good agreement with band D with a measured VDE of 5.67 eV. The singlet final state from the 8e orbital yields a VDE of 6.00 eV at TD-B3LYP, which should contribute to band E at 6.15 eV. The detachment channel from the 7e orbital to the 3 E final state yields a VDE of 6.52 eV at TD-B3LYP and 6.94 eV at OVGF (with the low pole strength value of 0.79), which is beyond our photon energy at 193 nm.
Isomer VI
The calculated VDE values of isomer VI are significantly higher (Table II) and they would be all overlapped with the features from isomer V if isomer VI were present experimentally. The VDEs for the first three detachment channels for isomer VI are very close in energy and would contribute to band A. The next four detachment channels yield VDEs very close to each other and they would all contribute to band B. The most convincing evidence that isomer VI was present in the PES experiment comes from bands C and E. Both of these bands correspond to singlet detachment channels from isomer V. However, their relatively high intensities suggest that they have contributions from isomer VI. The eighth and ninth detachment channels from isomer VI give VDEs of 4.82 and 4.85 eV at TD-B3LYP, in good agreement with that of band C. The last calculated detachment channel from isomer VI is from the 10a" orbital, with a calculated VDE of 6.03 eV at TD-B3LYP and 6.32 eV at OVGF, in excellent agreement with band E. All the VDEs calculated for Isomer VI at the OVGF level exhibit pole strengths of 0.85 and higher.
In summary, the broad and complicated PES spectral features of B 18 − are consistent with the presence of two isomers. Overall, the calculated spectral patterns of isomers V and VI together are in very good agreement with the observed PES spectra, providing credence to the theoretical calculations that these two isomers are close in energy. The quasi-planarity of isomers V and VI suggests that these structures are likely to be fairly floppy, which is consistent with the broad PES features observed for B 18 − . It is noted that isomer VI possesses a very small or no HOMO-LUMO gap. Hence, a closed-shell B 18 2− for isomer VI is expected to be a stable species, which may be produced in the form of LiB 
VII. STRUCTURES AND CHEMICAL BONDING
A. B 17
− : An all-boron naphthalene
Structural stability of the planar B 17
−
The good agreement between the calculated VDEs and the PES data and the relatively clean PES spectra (Fig. 1) confirm convincingly about the C 2v planar structure I as the global minimum of B 17 − (Fig. 3 ). This structure is very different from the global minimum of the B 17 + cation, 39 which was identified to be a tubular structure similar to isomer III or to the global minimum of neutral B 20 . 28 As shown in Fig. 3 , the tubular structure in the anion is 47.5 kcal/mol higher in energy than the global minimum C 2v planar structure. In fact, the planar C 2v global minimum structure of B 17 − is so overwhelmingly favored that even the closest low-lying isomer is still 19.5 kcal/mol higher. It is surprising that the relative energies of the planar structure I and tubular structure III are so different in the two charge states.
An all-boron naphthalene
To understand the stability of the planar B 17 − cluster, we performed chemical bonding analyses based on the canonical molecular orbitals (CMOs) and the AdNDP method. 76 We found that B 17 − possesses five fully occupied π -orbitals with 10 π -electrons. In fact, the π -orbitals of B 17 − are very sim- ilar to those of the aromatic naphthalene molecule (C 10 H 8 ), as shown in Fig. 5 . Thus, B 17 − is a π −aromatic system and should be considered as a new member of the growing family of hydrocarbon analogues of boron clusters. 24, 25, 27, 29 Naphthalene is a prototypical aromatic molecule with its 10 π -electrons satisfying the (4n + 2) Hückel rule for π -aromaticity (n = 2). The remarkable similarity between the π -systems of naphthalene and B 17 − suggests that the B 17 − cluster can be viewed as an "all-boron naphthalene" like B 16 2− , which also has a set of five π -orbitals nearly identical to that of naphthalene. 27 However, it is more difficult to discuss the σ -bonding in such a large system as B 17 − using the CMOs. It has been shown that the σ -density can be successfully analyzed using the AdNDP method for B 16 2− and B 19 − . 27, 29 The 52 valence electrons (including the 10 π -electrons) in B 17 − comprise 26 valence CMOs, which are transformed into 26 localized/delocalized chemical bonds using the AdNDP analysis (Fig. 6) . The occupation numbers (ONs) indicate the number of electrons per bond, and the ONs of all the recovered bonding elements in B 17 − are close to the ideal limit of 2.0 |e|. The localized bonding in B 17 − as revealed by Ad-NDP is represented by 12 two-center two-electron (2c-2e) peripheral B-B σ -bonds. The rest of the electron density is delocalized. There are 9 delocalized σ -bonds: five being delocalized over three atoms and four over four centers. If one − . Each bond revealed through the analysis is localized/delocalized on n centers and it is composed of either 2 electrons (nc-2e bond; doubly occupied bond) or one electron (nc-1e; singly occupied bond). The ON stands for occupation number, which is equal to 2 electrons (2.0 |e|) in ideal cases of doubly occupied bonds and 1 electron (1.0 |e|) in case of a singly occupied bond. applies the (4n + 2) rule to this σ -bonding pattern, the B 17 − cluster can be considered as σ -aromatic (4n + 2 = 18; n = 4).
The prototypical B-B σ -bond is 1.629 Å at the B3LYP/6-311++G** level of theory. 82 The calculated B-B distances in B 17 − are within the range of a single bond for the peripheral B-B bonds (see supplementary Table S2) . 81 All the interior B-B distances are larger. These results support our chemical bonding picture: the peripheral boron atoms form single 2c-2e bonds, whereas the boron atoms inside the peripheral ring are held by delocalized bonds only.
The AdNDP method also recovered five delocalized π -bonds: two 4c-2e π -bonds, two 5c-2e π -bonds, and one 11c-2e π -bond. These π -bonds are very similar to those revealed in naphthalene through the AdNDP analysis, 77 further confirming that the B 17 − cluster is an all-boron analogue of C 10 H 8 and showing the consistency between the CMO and AdNDP bonding analyses. Therefore, the stability of the perfectly planar C 2v ( 1 A 1 ) global minimum of B 17 − can be attributed to its double σ -and π -aromaticity.
B. B 18
− : An all-boron analogue of coronene
Structural similarity between B 18
− and B 19
−
We have both experimental and theoretical evidence that B 18 − possesses two close isomers (isomers V and VI) competing for the global minimum. Both isomers are quasi-planar (Fig. 4) and are related to the two low-lying structures of B 19 − . We have reported recently that B 19 − possesses two close-lying isomers. 29 The global minimum of B 19 − is a concentric doubly π aromatic planar cluster (C 2v symmetry) consisting of a 13-atom outer ring, a 5-atom inner pentagonal ring, plus a central B atom. Molecular dynamics simulations have shown that the inner pentagonal ring and the outer ring can almost freely rotate against each other, forming a molecular "Wankel motor." 83 Isomer VI of B 18 − is very similar to the global minimum of B 19 − , consisting of a 12-atom outer ring, a 5-atom pentagonal ring, plus a central B atom. It can be viewed as removing a B atom from the 13-atom outer ring of the global minimum of B 19 − . However, the 12-atom ring in B 18 − is apparently too small to fit the inner six B atoms, "squeezing" the pentagonal ring and the central B atom slightly out of plane. Thus, the quasi-planarity in isomer VI of B 18 − can be viewed as a "mechanical" effect, which has also been observed in smaller boron clusters, such as B 7 − and B 12 − . 25, 26 Recently, we have shown that substitution of one B atom by an Al atom from the outer ring in B 7 − and B 12 − is sufficient to induce planarity by slightly expanding the outer ring due to the larger size of Al. 84 In the case of B 18 − , we can see that insertion of one more B atom in its outer ring creates enough room to fit the central six B atom in a perfect planar structure. 29 The B 19 − cluster also possesses a low-lying planar isomer (again of C 2v symmetry), which is only 3.7 kcal/mol higher in energy than the concentric planar global minimum at the CCSD(T) level of theory. 29 This isomer of B 19 − has a triangular shape consisting of a 13 peripheral B atoms and a nearly perfect B 6 triangle in the center. Isomer V of B 18 − can be viewed as removing a peripheral B atom from this lowlying isomer of B 19 − . The reduced outer ring then "squeezes" the central B 3 triangle out of plane in isomer V of B 18 − , very similar to the "mechanically" induced nonplanarity in isomer VI. It is interesting that isomer V of B 18 − has C 3v symmetry and all remaining 15 B atoms are almost in the same plane. Clearly, the insertion of one more B atom into the periphery of isomer V of B 18 − leads to the perfect planar low-lying isomer of B 19 − . We also note that the two low-lying structures of B 18 − are quite different from the global minimum of the B 18 + cation, for which the double ring tubular structure was found to be the global minimum. 39 The tubular isomer for B 18 − is 34 kcal/mol higher in energy than the global minimum isomer V (Fig. 4) .
An all-boron analogue of coronene
To understand the bonding in the two low-lying isomers of B 18 − , we carried out both CMO and AdNDP analyses. In the strict sense the notation of irreducible representations (such as σ -, π -, δ-, φ-, etc.) can be applied to CMOs of linear molecules only. Nevertheless, this notation is widely used in chemistry to explain chemical bonding in molecules of nonlinear point groups, mainly in planar or quasi-planar molecules. For molecules composed of main group elements such as the planar boron clusters, there are two types of CMOs: σ and π , where σ -CMOs do not have a nodal plane and π -CMOs have one nodal plane coinciding with the plane of the molecule. In cases of nonplanar molecules, significant mixing of σ -and π -electron density occurs. In the case of quasi-planar molecules, in which the out-of-plane distortion is small, it is still possible to attribute CMOs to either σ -or π -symmetry. Both isomers V and VI of B 18 − can be considered to be quasi-planar because their out-of-plane distortions are small.
Isomer V has the following electronic configuration: 1a 1 . In order to identify more clearly the CMOs with π -symmetry for the quasi-planar B 18 − cluster, we also computed the CMOs for the D 3h B 18 − by flattening the cluster artificially. The π -type CMOs for both the quasi-planar and the planar B 18 − are compared in Fig. 7(a) . Six π -CMOs are found for isomer V: two pairs of doubly degenerate orbitals of e symmetry (HOMO-1 and HOMO-1 ; HOMO-6 and HOMO-6 ) and two orbitals of a 2 symmetry (HOMO-3 and HOMO-14) . The electronic configuration of the low-lying isomer VI of B 18   −   is: 1a  2 2a  2 1a  2 3a  2 2a  2 4a  2 5a  2 3a  2 6a  2 4a  2 5a  2 7a  2 8a  2 6a   2   9a  2 10a  2 7a  2 11a  2 8a  2 12a  2 9a  2 13a  2 10a  2 11a  2 14a  2 15a   2   12a  2 16a 1 . Its six π -CMOs, HOMO (16a ), HOMO-1 (12a ), HOMO-3 (14a ), HOMO-7 (9a ), HOMO-8 (12a ), and HOMO-15 (8a ), are displayed in Fig. 7(b) and correlated with those of the flattened structure (C 2v , 2 B 1 ). As shown in Fig. 7 , the CMOs of isomers V and VI of B 18 − are not significantly different from those of the flattened structures due to the very small out-of-plane distortions.
The π -CMOs for both isomers are very similar to each other and they are both similar to those of the concentric B 19 − cluster. 29 The π -CMOs can be categorized into two classes, one delocalized on the central six B atoms, and five π CMOs describing bonding between the central B atoms with the periphery. Thus, both isomers possess two concentric π -systems, similar to B 19 − , and can be viewed as all-boron analogues of coronene. 29 However, there is one significant difference between the π -CMOs of isomers V and VI. In isomer VI, the HOMO is a π -CMO, which is half occupied. Thus, strictly speaking, only the closed-shell doubly charged B 18 2− cluster is doubly aromatic for isomer VI. This is likely the reason why isomer VI has a high first VDE and very small HOMO-LUMO gap and why it is slightly less stable than isomer V, which possesses a set of fully occupied π -CMOs. As mentioned above, we expect the doubly charged isomer VI to be highly stable and it may be observed as LiB 18 − , similar to LiB 6 − and LiB 8 − .
30, 31
We present the AdNDP analysis for the lowest energy C 3v isomer V of B 18 − only, since the π -bonding patterns of isomers V and VI are quite similar (Fig. 7) . The current version of our AdNDP program can only deal with closed-shell systems. Therefore, in order to assess chemical bonding in the open-shell B 18 − anion cluster, we performed AdNDP analyses of the closed-shell B 18 2− dianion and neutral B 18 at the geometry of isomer V of B 18 − . As in all other pure boron clusters previously studied by AdNDP, only the peripheral boron atoms in B 18 − are involved in classical localized 2c-2e B-B σ -bonding (Fig. 8) , as also shown in Fig. 6 for B 17 − . The extra electron in isomer V of B 18 − is clearly delocalized over the central B 3 triangle and the ON of this bond is 1.0 |e|. There is also a delocalized π -bond over the central B 6 triangle. The remaining nine delocalized σ -bonds are all 3c-2e bonds as well, being responsible for the bonding between the inner six B atoms and the 12-atom outer ring. This set of nine 3c-2e σ -bonds satisfies the (4n + 2) Hückel rule, rendering the system σ -aromatic (n = 4). The 10 π -electrons occupying the set of five π -bonds (three 5c-2e and two 18c-2e) satisfy the (4n + 2) rule for π -aromaticity (n = 2). This set of π -bonds is primarily responsible for the π -bonding between the inner six B atoms and the peripheral ring. The unique 6c-2e π -bond delocalized over the inner B 6 triangular unit also satisfy the (4n + 2) rule for π -aromaticity (n = 0). Therefore, the B 18 − cluster is doubly π -aromatic, similar to the recently discovered B 19 − cluster. 29 Overall, the stability of isomer V (C 3v , 2 A 1 ) of B 18 − , or more precisely its neutral counterpart, can be explained by its σ -aromaticity and double π -aromaticity. 
C. Nuclear independent chemical shift analyses of isomers I, V, and VI
We performed nuclear-independent chemical shift (NICS) analyses 85 for the global minimum of B 17 − and the two low-lying isomers of B 18 − . The calculated NICSzz values of the B 17 − were found to be −8. − and B 18 − are compared to those of the prototypical organic π -aromatic molecule benzene and the recently discovered doubly π -aromatic B 19 − in supplementary Table S7 of the supporting information.
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VIII. CONCLUSIONS
In conclusion, we have investigated the structural and electronic properties and chemical bonding of the B 17 − and B 18 − clusters using photoelectron spectroscopy and ab initio calculations. Photoelectron spectral data are combined with theoretical calculations to identify the global minimum structures of the two fairly complex clusters. A perfect planar C 2v structure is found to be the global minimum of B 17 − . Chemical bonding analyses reveal that B 17 − possesses 10 π electrons and its five π orbitals are very similar to those of naphthalene. Thus, B 17 − can be viewed as an all-boron analogue of naphthalene. Two nearly degenerate quasi-planar isomers for B 18 − are found, which are structurally related to the two low-lying planar isomers of the B 19 − clusters by removing a peripheral B atom, respectively. The quasi-planarity of the two structures of the B 18 − cluster is found to be due to the reduced size of the outer rings, which are too small to host the inner atoms. Chemical bonding analyses reveal that both isomers possess two sets of concentric aromatic π systems similar to that in B 19 − and they can be viewed as all-boron analogues of coronene. The current work has extended the concept of all-boron analogues of hydrocarbons. With these new results for B 17 − and B 18 − , we have now established systematically that anionic boron clusters from B 3 − to B 20 − are all planar or quasi-planar and each can be viewed as an allboron hydrocarbon analogue.
